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SYMBOLS

a Total crack length of a CT specimen measured from the load point

ao Initial crack length

a/W Crack length-to-width ratio
B Specimen thickness

CCT Center-crack tension specimen
COD Crack-opening displacment

CT Compact tension specimen

dafdN Crack growth rate; change in length per cycle
E Young's modulus

FCGR Fatigue crack-growth rate

h Specimen half height

AK Stress-intensity-factor range
AKeff Stress-intensity-factor range corrected for the effect of stress ratio R

P Load

PTC Part-through-crack specimen
N S~irLe of (;ycles

R Stress ratio; aminn/tm~a

rxy Correlation coefficient

W Specimen width
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EFFECT OF SPECIMEN THICKNESS ON FATIGUE CRACK-GROWTH
RATE IN 5Ni-Cr-Mo-V STEEL - COMPARISON OF HEAT-TREATED

AND STRESS-RELIEVED SPECIMENS

INTRODUCTION

The use of high-strength alloys in marine structural design saves weight since material
of thinner gage may be used. Structural-integrity technology for such high-performance
structures, however, requires information concerning crack-growth fracture resistance.
Specifically, material for structures subjected to intermittent loading must be analyzed for
fatigue crack-growth rate (FCGR) both in ambient and marine environments.

Although a prolific literature exists on the subject of FCGR, surprisingly little explores
the effect of material thickness, which is recognized as a factor of major importance. The
information that does exist provides limited engineering guidance since three types of re-
sponse are documented: (a) no effect of thickness [1 - 4]; (b) growth accelerated by
increased thickness [5, 6]; (c) growth accelerated by decreased thickness [7, 8]. Further,
little of the available information is relevant to the design of naval structures.

The information presented here systematically explores the FCGR characteristics of
5Ni-Cr-Mo-V steel in three thicknesses, 0.25, 0.50, and 0.90 in. (6.25, 12.50, and 22.50
mm), in the as-heat-treated and stress-relieved conditions. Specimens were machined as
centercuts from a well-characterized 1.0-in. (25.4-mm) thick rolled plate of this quenched-
and-tempered alloy steel.

EXPERIMENTAL CONSIDERATIONS

Material

The 5Ni-Cr-Mo-V steel used for this series of tests has been extensively studied in the
0.90-in. (22.5-mm) thickness [9, 10]. Details of composition, heat treatment, and mechan-
ical properties are to be found in Tables 1 and 2.

Table la
Composition of 5Ni-Cr-Mo-V Steel

Element C Ni Cr Mo V |Al Mn P S |Si| Fe j
Percentage 0.11 4.85 0.58 0.48 0.07 0.01 180.87 0.002 0.005 0.30 Balance

Table lb
Heat Treatment

Normalized: 1640 0F; 1-1/2 hr; v

Austenitized: 1525 F; 1-1/2 hr;
Tempered: 1050-1130 0F; 1-1/2]

Stress relieved (SR): 100 0 OF; 30

Note: Manuscript submitted September 26, 1975.

1

vater quench

water quench

,r; water quench

min; air cool



SULLIVAN AND CROOKER

Table 2
Mechanical Properties of Heat-Treated

bNi-Cr-Mo-V Steel

D Direction
Property Longitudinal Transverse

Yield strength
(0.2% offset) 142 147

(ksi)

Tensile strength
(ksi) 152 152

Elongation 20 18
(T.)

Reduction
of area 68 64(%) .

Specimen Geometry

The dimensions of the compact tension (CT) specimen (Fig. 1) conform to those
selected for the ASTM E24.04 round-robin program [11]. However, to provide a longer
fatigue crack extension beyond the machined notch, the initial notch length ao was reduced
from 0.70 to 0.50 in. (17.5 to 12.5 mm). All specimens were machined in the ASTM
designated T-L orientation [121.

Vii
0
U-

I-
0

! .000
+.000
-. 005

-0,500 DIA. +.005
2 HOLES -.OOO

Fig. 1 - Compact tension specimen
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Test Procedure

Specimens -were cycled in tension-tension loading using a haversine waveforlmL on a
110-kip-capacity MTS closed-loop testing machine. The cyclic frequency was 5 Hz, and the
stress ratio R was 0.10. Crack-length measurements were made using a crack-opening dis-
placment (COD) technique [10, 13]. A commercial MTS COD clip gage was used, the
notched arms of which fit over knife edges screwed on to the specimen to straddle the
mouth of the machined notch. Signals from the COD strain gage circuit were fed into a
Hewlett-Packard XY recorder together with those from the load cell of the testing machine.

Loads were chosen to give predetermined AK values so that there would be a slight
overlap of '--he AK V.lues ;- the +.,- +te+t. -An nt each --- cimen ,hickness O(

tJJ U4~4.Il WLL. a" Iu LVVI MU UI~flO II U. Va', a i OjJCUlItI~ii L~il..l1iCOL I ,,0 tJauLV U)

Details of Crack Growth
Table 3

Tests; R = 0.1, Cyclic Frequency = 5 Hz.

Thickness { AKeff AKeff
Specimen B A (si ,E.) I (ksi -/iW)
Number f i n.( i (ldn' (ka1

I I _ '" VI ' H Final Ia~ 0U.825 a= 1.400
As Heat
Treated

856
855
854
853
844
540

847

As Stress
Relieved

858
860
863
861
859
862

0.25
0.25
0.50
0.50
0.90
0.90
0.90

0.25
0.25
0.50
0.50
0.90
OM9

1.11
1.74
2.22
3.48
4.04
4.04
9.76

1.11
1.74
2.22
3.48
4.04
6.28

1.74
2.74
1.74
2.74
1.74
1.74
4.25

1.74
2.74
1.74
274
1.74
2.74

17.2
27.0
17.2
27.0
17.2
17.2
41.3

17.2
27.0
17.2
27.0
17.2
27.0

39.2
61.7
39.2
61.7
38.6
38.6
94.2

34.2
52.4
37.8
59.6
37.8
61.7

19.6
30.8
19.6
30.8
19.6
19.6
47.0

19.6
30.8
19.6
30.8
19.6
30.8I L ______________ I _________-

33.3
52.4
33.3
52.4
33.3
33.3
80.1

33.3
52.4
33.3
52.4
33.3
52.4

3
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SULLIVAN AND CROOKER

Data Reduction

Crack lenath was determined by reference to the nredetermined FnRrOnlP-vt-n/W
caliabration curve, where E is Young's modulus; B is the specimen thickness; P is the load;
a is the crack length; and W is the specimen width. A polynominal expression for this
relationship is

a EBLCOD] /ERB[CO:D3~ 2
- = 0.01520 [ -0.000141 E[D
w P P /

(1)

+ 0.000000524 U ) 0.06209

Details of this procedural technique are available [101. Crack-growth rate was determined
by fitting tangents to the t- alrarnotr- nnn a ausl and Tonm onl,-4o +nnnnn+ nete

The stress-intensity-factor range AK is computed from the equation appropriate to the
0.486 height-to-width ratio h/W of the specimen [14]: AK = Aov¶ Y, where

Y = 30.96 -195.8 + 730.6 (a) -1186.3 + 754.6 . (2)

Tables 4 and 5 contain values of crack length a, AK, and da/dN for all specimens tested in
this investigation.

DISCUSSION OF EXPERIMENTAL RESULTS

The experimental results of this investigation are shown in Figs. 2a and 2b. which are
logarithmic plots of crack-growth rate da/dN vs stress-intensity-factor range AK. Data from
specimens tested in the as-heat-treated conditions are shown in Fig. 2a, and data from
heat-treated plus stress-relieved specimens are shown in Fig. 2b. In both figures comparison
is made to a trend line previously established for 0.90-in. (22.5-mm) thick (nearly full plate
thick ness) as-heat-treate specimens of this same material. The regression-curve equation
for this trend line is

dN = 3.04 X 10-9 AK22 6
~~TNW ~eff(3

This equation was established using the part-through-crack (PTC) specimen geometry
[9, 101. Figure 3 shows the trend-line equation together with data from three types of
fracture mechanics specimens (CT, PTC, and CCT); good correlation is apparent.

4
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Table 4a
5Ni-Cr-Mo-V Steel; Heat Treated; Au - 1.74 ksi.

Specimen Number: 856 854 844 845
ickness B (in.): 0.25 0.50 0.90 0.90

Crack Length a AK...... da/dN X 10-6 | k

0.825 19.6 2.33 3.37 19.3 2.29 2.50
0.850 20.0 2.54 4.00 10.6 2.41 2.58
0.875 20.4 2.77 4.34 20.1 2.54 2.82
0.900 20.8 3.00 4.66 20.5 2.68 3.08
0.925 21.2 3.12 4.82 21.0 2,82 3.20
0.950 21.7 3.31 5.00 21.4 2.88 3.44
0.975 22.2 3,0 5.27 21.8 3.08 3.64
1.000 22.7 3,70 5.55 22.4 3.20 3.74
1.025 23.2 3.91 5.75 22.8 3.38 3.92
1.050 23.7 4.34 5.96 23.4 3.73 4.16
1.075 24.2 4.66 6.17 23.8 3.92 4,51
1.100 24.8 5.00 6.40 24.4 4.16 4.74
1.125 25.3 5.42 6.64 25.0 4.90 4.91
1.150 25.9 5.75 7.04 25.5 i 5.24 5.12
1.175 56.5 6.17 7.28 26.1 5136 5.62
1.200 27.1 6.40 7.55 26.7 5.75 6.04
1.225 27.7 7.01 7.84 27.3 6.18 6.34

j 1.250 28.4 7.70 8.42 28.0 I 6.51 6.51
1.275 29.1 8.00 9.40 28.7 6.86 6.86
1.300 29.8 8.32 10.40 29.4 7.26 7.47
1.325 30.6 9.81 11.44 30.2 7.69 7.93
1.350 31.4 10,97 12.38 31.0 7.92 8.72
1.378 32.4 11.78 13.02 31.4 8.18 9.33
1.400 33.3 12.38 14.46 32.8 8.72 10.02

Table 4b
BNi-Cr-Mo-V Steel;

Heat Treated; Au = 2.74.

Specimen Number: 855 853

Thickness B (in.): 0.25 0.50

Crack Length a AK da/dN X 10-6
(in.) (ksi V~/ h)
0.825 30 8 9.4 11.11
0.850 31.4 10.1 11.30
0.875 32.1 10.4 11.50
0.900 32.8 10.8 11.70
0.925 3.4 11.4 11.92
0.950 34.2 12.2 12.13
0.975 35.0 12.5 12.40
1 000 35.8 12.9 12.80
1.025 36.5 13.4 13.02
1.050 37.3 13.8 13.27
1.075 38.2 14.4 13.90
1.100 39.0 14.9 14.30
1.125 39.8 16.0 14.80
1,150 40.8 16.6 15.20
1.175 41.8 17.5 16.00
1.200 42.7 18.2 16.64
1.225 43.7 18.5 17.60
1.250 44.8 19.2 18.40
1.278 45.8 20.0 19.40
1.300 47.0 20.8 20.50
1.325 48.2 22.6 22.40

1.350 24.5 2~~~~~~~~14.801 
1.375 509 25.6 26 .10L 1400 _l 52.4 L 28.7 27,40

Table 4c
5Ni-Cr-Mo-V Steel;

F14eat TreatrAed An = A 94 ks.

Specimen Number: 847
|Tickness B (in.): 0,90

Crack Length a AK da/dN X 10-6
(in.) (ksi vrii)

0.825 47.0 20.00
0.850 48.0 20.56
0.875 49.0 21.82
0.900 50.0 23.41
0.925 51.1 24.26
0.950 52.2 24.70
0.975 53.3 25.14
l1000 54.5 26.06
1.025 55.8 27.52
1.050 57.0 28.56
1.075 58.2 29.68
1.100 59.5 30.56
1.125 60.8 32.64
1.150 62.2 53.95
1.175 63.8 34.64
1.200 65.2 37.61
1.225 66.6 39.20
1.250 68.4 41.00
1.275 70.0 42.89
1.300 71.8 44.92
1.325 73.7 47.12
1.350 75.6 49.50
1.375 77.8 5 52.10
1.400 80.1 59.77

5
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SULLIVAN AND CROOKER

Table Sa
5N-Cr-Mo-V Steel;

Stress Relieved; AG = 1.74 ksi.

Specimen Number: 858 863 859
Thickness B (in.): 0.25 0.50 0.90

Crack Length a| AK 3 dedN X lOA
(in.) 4(Si -,in-) 4 ad X1-

0 P.9

20.0
20.4
20.8
21.2
21.7
22.2
22.7
23.2
23.7
24.2
24.8
25.3
25.9
26.8
27.1
27.7
2S.4
29.1
29.8
20.6
31.4
32.4
33.3

0.850

0.900
0.926
0.950
0.975
1.000
1_025
1.050
1.075
1.100
1.125
1.150
1.176
1.200
1.22S
1.250
1275
1.300
1.325
1.380
1.375
1.400

2.88
3.12
3.3'
2.50
3.84
4.04
4.34
4.30
4.82
5-08
5.27
5.40
5.78
6.2S
5. 4
7.4
7.41
7.70
8.32
9.02
9.40

10.72
12.07
13.47

3.82 a.40
4.13 3.81
4.83 4.20
5.00 4.50
5 18 4.74
8.27 4.91
5.36 5.18
5.55 5.58
5.65 5.751
5.96 61 17
6.26 S.40
6.44 6.64
6.64 7.01
6.95 7441
7.41 7 .7I
7.70 8.00
8.42 8.32
9.13 8.84
9.81 9.48

10,.3 10.02
11.23 10.72
11.95 11.78
13.00 12.69
13.47 14.32

Table 5b

5Ni-Cr-Mo-V Steel;
Stress Relieved; Au = 2.74 ksi.

Specimen Number: 860 861 862

Thickness B (in.): 0.25 0.50 09

Crack Length a ( AK daddN X I0-
(in. (ksi V5 in3

2 30.8
| 31.4
I 32.1

328
33.4

* 34.2

1 35'.0

36.5
37.3

* 3S.2
3 S9.0

I39.8
40.8

* 41.8
. 42.7

34a7
1 44.8

45b.8
47.0
48.2
49.8
50.9
52.4

0.825
0.850
0.875
0.900
0.928
00.950
0.975
1.090
1.025
1.030
1.075
1.100
1.125
1.10
1.175
1.200
1.225
51250
1,275
1.300
1.325
1.350
1.375
1.400

90.i2 10 zd lt4Ad
9.76 10.48 10.86

10.48 10.94 11.45
10.B6 11.66 12.28
v1s26 1928 12.72
12.07 12.63 16.17
12.60 13.12 13.64
12.94 13.54 14.12
13.41 14.38 14.64
14.88 14.90 15.44
14.90 16.44 16.00
15.44 16.17 16.89
16.7S 17.82 11740
17.21 18.53 17.58
1S.53 I9.24 17,92
19.62 20.:08 18.67
20.96 21.S6 19.24
22.55 22.55 10.81
23.81 23.81 22.09
24.53 24.53 28.80
26.21 28.21 26. 07
29.44 28.74 26.81
30.94 80.94 28.08
32.56 32.56 31.74

6
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SULLIVAN AND CROOKER

Several observations are apparent from an examination of Fig. 2. In both cases the
data for the machined-down 0.25- and 0.50-in. (6.4- and 12.5-mm) thick specimens lie above
the previously established trend line. Also, there is a good deal more scatter in the data from
the machined-down as-heat-treated specimens then in that from the stress-relieved specimens.
Fnally, the more closely grouped data from the stress-relieved specimens lie above the refer-
ence trend line for all thicknesses tested, including the stress-relieved full-thickness 0.90-in.
/00 f.=.vvon- spo- mens. fn flc f 4-km r ensc n n � n - 1tis rf- -ro -vn ns no -f the -. A i-en.-

are collected in Table 6. A regression-curve equation for al of the data from the stress-relieved
specimens was calculated to be

da 2.16
-- 5.94 X 10-9 ,Keff 6

dNef

The correlation coefficient ry = 0.99 was obtained for this equation. Therefore, it would
appear that there are no significant thickness effects, per se, in stress-relieved specimens of
this material over the range of thicknesses studied; however, the stress-relieving heat treat-
ment had the effect of nearly doubling the crack-growth rates.

Table 6
Details of the Regression Analysis; da/dN A AK"

8

Specimen Thickness A
Number (in.) ( ( 10-9iO) r-Y 4

As Stress
Relieved

Low Load

858 0.25 0.92 2.70 O0997
863 0.50 4.71 2.24 0.991
859 0.90 2.76i 2,40 O.99f6

High Load

8O0 0.25 2S10 2.36 0.998
861 0.50 5.74 2.19 0.998
862 0.90 15.58 1.91 0.994

Low and High
Loads

858, 860 0.25 2.81 2.38 0.997
863, 861 0.50 8.81 2.07 0.996
859, 862 090 8.92 2.05 0.995

All Six N/A 5&94 2.16 0.991

As Heat
Treated;
Former

Trendline 0.90 3.04 - 2.26 1 000
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Rockwell-C hardness measurements were made on all specimens before and after heat
treatment, and no changes were detected. Therefore, it is unlikely that the stress-relieving heat
induced any metallurgical change in the material, other than the intended effects. Rather, it is
probable that the differences in crack-growth rates observed in the stress-relieved specimens
resulted from relief of internal stresses. Previous attempts to section this material into thinner
specimens of a configuration considerably longer and wider than the compact tension speci-
men resulted in substantial warpage, suggesting high levels of internal residual stress. Although
classical mechanics theory requires that such internal stresses be "balanced" between tension
and compression for the plate to be in equilibrium, it would be hazardous to assume that such
"balanced" stresses do not affect the fatigue characteristics of the plate. For instance, residual
compressive stresses are notoriously beneficial to fatigue resistance, and high levels of residual
compressive stress are known to exist in rolled plate of the type tested. This is a possible
explanation for the accelerated crack-growth rates observed in the stress-relieved specimens of
all thicknesses studied (Fig. 2b).

ESTIMATES FROM REGRESSION ANALYSIS

The close correlation between the data curves of crack length a vs the number of cycles
and the curves estimated from the regression equation is seen in Figs. 4 and 5. Comparison is
made between the 0.25- and 0.90-in. (7.25- and 22.5-mm) specimens at both low and high
stress levels, 1.74 and 2.74 ksi. Difference between the estimated and data curves ranged
between +1.0 and - 6.0 percent.

1.5 SPECIMEN #858 ? 37.5
B=O.25
r=1.74 KS E

DATA c-c E
ESTIMATE x----"
DIFF ec=i.40in.

-6.0% C

NZ O C (

0,5 1~~~~~~~~~~~~~~2.5

00 100 200 300 400

NUMBER OF CYCLES (x IO)

(a) Thickness B = 0.25 in. (6.25 mm)

Fig. 4 - Crack length a vs number of cycles. The data and esti-
mated curves are for an applied stress of 1.74 ksi.

9
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1.5 - SPECIMEN #S59
B- Q90 kLn,
- m.74 K51i
DATA -o
ESTIMATE ---
rIFF. a .- If50ln1.0 ~ L0

0.
t k t l , 1~~~I 

0 100 200 300
NUMBER OF CYrLES (,1t03A

(b) Thickness B = 0.90 in. (22.5 mm)

Fig 4 (continued) - Crack length a vs number of cycles. The
data and estimated curves are for an applied stress of l.74ksi.

E
E
C

I
E
I

..
PECIMEN#*862
5-0.90in.

-2.741KSI 1
lATA cI
ESTii'vATE ---- ~
11FF. a a= LB50!n-.

-1.7%

I r I 1 I I
-O 10 20 30 40 50 60

NUMBER OF CYCLES( x103 )

zI 25.0 U

a

12.5

70 80 90

(a) Thickness B = 0.25 in. (6.25 mm)

SPECIM

r = 2.74
DATA ~
ESTIMA
DIFF. e
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Since it is not possible to integrate the da/dN expression (AK has to be evaluated in terms
of a/W and the polynominal correction factor then raised by a fractional exponent), N was
evaluated by summations of

Aa
AN=

AAKneff

the interval chosen for Aa being 0.100 in. (2.5 mm).

Inasmuch as the regression analysis covered only the region between 0.825 and 1.400
in. (20.625 and 35.0 mm), the values of AN were added to the number of cycles attained
at 0.800 in. (20 mm) for each specimen.

CONCLUSIONS

* No significant thickness effects, per se, on fatigue crack-growth rate were observed
in stress-relieved compact tension specimens of 5Ni-Cr-Mo-V steel 0.25, 0.50, and 0.90 in.
(6.4, 12.5, and 22.5 mm) in thickness.

* Crack-growth rates in the stress-relieved specimens were approximately double the
crack-growth rates observed in as-heat-treated 0.90-in. (22.5-mm) thick specimens previ-
ously studied.

* Considerable scatter was apparent among crack-growth-rate data for as-heat-treated
specimens machined down to thinner section sizes from 1.0-in. (25.4-mm) thick rolled
plate.

* Curves of crack length vs the number cycles, estimated from the regression equation,
agree well with the actual data curves.
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